Purpose The main objective was to quantify any potential differences in pharmacokinetic (PK) parameters (AUC and C max ) between RTXM83, a proposed rituximab biosimilar, and its reference product, using a population PK model approach. Methods Rituximab PK and PD data were obtained from a randomized, double-blind, phase III clinical study (RTXM83-AC-01-11) in patients with diffuse large B-cell lymphoma (DLBCL) that received 375 mg/m 2 intravenous RTXM83 or its reference product with CHOP regimen, every 3 weeks, for six cycles. Rituximab levels were quantified by Meso Scale Discovery assay. PK analysis was performed using NONMEM 7.3.0. The effect of disease and patient covariates on RXTM83 PK was investigated. Model was evaluated using visual predictive check and non-parametric bootstrap. Results In total, 251 DLBCL patients (127 and 124 in RXTM83-CHOP and rituximab-CHOP arms, respectively) and 5341 serum concentrations (2703 for RXTM83 and 2638 for rituximab, respectively) were available for the population PK analysis. The volume of distribution of the central compartment (V 1 ) and clearance of RXTM83 were estimated at 3.19 L and 12.5 mL/h, respectively. Body surface area allowed to explain the interindividual variability for V 1 . A statistical analysis showed that systemic exposure (AUC and C max ) of RTXM83 was similar to rituximab. The 90% confidence intervals for all pairwise comparisons were within the predefined bioequivalence interval of 0.80-1.25. PD similarity of B-cell depletion and recovery was also observed. Conclusions The time course of RTXM83 was well characterized by the model developed. The systemic exposure of RTXM83 and its associated variability were similar to those for rituximab reference in DLBCL patients, demonstrating PK similarity. The PD similarity of RTXM83 and rituximab reference product was also demonstrated.
Introduction
Rituximab (MabThera ® or Rituxan ® ), a chimeric antiCD20 human immunoglobulin G1 monoclonal antibody, has revolutionized the treatment of various types of non-Hodgkin's lymphoma (NHL), chronic lymphocytic leukemia, and is also approved for rheumatoid arthritis and other autoimmune diseases. Unfortunately, access to rituximab is limited in many areas of the world mainly due to its cost. Rituximab biosimilars can be used as safely and effectively in all their approved indications but at a lower cost, thereby improving patient access [1] .
Biosimilarity is confirmed when the biological product is highly similar to the reference product notwithstanding minor differences in clinically inactive components, and there are no clinically meaningful differences between the biological product and the reference product in terms of the safety, purity, and potency of the product [1] . The approval process for biosimilars includes an assessment of the pharmacokinetics (PK) and pharmacodynamics (PD) if applicable, in the most sensitive population to demonstrate that there are no major differences between reference and biosimilar products in accordance with the regulatory requirements [2, 3] . These PK/PD studies support a demonstration of biosimilarity with the assumption that similar exposure (and PD response) provides similar efficacy and safety. Healthy volunteers are the most sensitive population for PK studies [4] ; however, a PK study with rituximab in healthy volunteers is not ethically acceptable due to safety risks associated with rituximab exposure. Hence, a sensitive population of patients should be chosen to assess PK comparability of a rituximab biosimilar.
RTXM83 is a rituximab biosimilar developed by mAbxience Research S.L. that has demonstrated sufficient similarity to the reference medicinal product [5] . The PK and PD comparability of RTXM83 and the reference medicinal product were assessed as secondary endpoints in a randomized, double-blind, phase III clinical study in a population of selected diffuse large B-cell lymphoma (DLBCL) patients (NCT02268045). DLBCL was chosen as the most "sensitive and homogeneous" population, because it represents the best characterized disease from the approved indications for rituximab, with the most uniform population and a higher level of clinical response to rituximab and better prognosis [6] . Likewise, the schedule of treatment for DLBCL (six cycles with one dose every 21 days per cycle) provides a considerable number of PK measurements from a high population of patients to have a complete PK profile allowing the comparability with the reference product.
The PK similarity between RTXM83 and the rituximab reference product was assessed in the study by comparing the predicted serum concentrations over time, derived from a population PK model. Unlike the non-compartmental approach, population modelling allows the use of sparse data to accurately calculate PK parameters. Furthermore, the population approach allows to quantify the interproduct and intersubject variability on PK parameters and to identify covariate factors (demographic, pathophysiological, environmental, or concomitant drugs) that influence drug availability [4] .
The main PK endpoints in the study, the area under the concentration-time curve (AUC) and the maximum serum concentration (C max ), were calculated for the two compounds using the individual PK parameters estimated by the population PK model and were subsequently evaluated by traditional bioequivalence methods in accordance with regulatory guidelines on how to address PK similarity [2, 3] . In addition, the levels of CD20+ and CD19+ B-cells in peripheral blood were assessed in the study for the PD evaluation. CD19+ was used as surrogate marker in the population PK model in patients with circulating rituximab, since its expression mirrors CD20 expression [7] . Finally, immunogenicity based on anti-drug antibody (ADA) detection was analysed to assess the potential impact on PK profile.
Our aim is to present this unique population PK model with rituximab biosimilar in a high sample size of patients and demonstrate how well describes the PK similarity between a rituximab biosimilar and its reference medicinal product. In addition, here, we describe the good correlation of PK profile with the PD kinetics observed in the study.
Patients and methods

Patients
The study (RTXM83-AC-01-11) was a randomized, double-blind, phase III study comparing biosimilar rituximab (RTXM83) plus CHOP chemotherapy (RTXM83-CHOP) with MabThera ® plus CHOP (rituximab-CHOP) in the firstline treatment of patients with DLBCL. Patients were aged 18-65 years and had a stage II-IV and bulky disease by Ann arbor classification, ECOG performance status of 0-2, and IPI 0-1. Subjects received RTXM83 or rituximab reference product at a dose of 375 mg/m 2 on day 1 of each 3-week cycle in combination with CHOP chemotherapy (cyclophosphamide, doxorubicin, vincristine, and prednisone), from one to six treatment cycles. The primary objective was to determine if the response rate with RTXM83-CHOP was non-inferior to that with rituximab-CHOP. Secondary objectives were to demonstrate comparable PK, PD (decreased CD20+ and CD19+ B-cells), and immunogenicity (ADA), as well as to evaluate safety of RTXM83 vs its reference product when administered with CHOP (NCT02268045).
The study was conducted in accordance with Good Clinical Practice guidelines and the principles of the Declaration of Helsinki. The study was approved by the corresponding ethics committees, and informed consent was obtained from all subjects after they had been advised of the investigational nature of the study and its potential risks and benefits, and before undergoing any study procedure.
Sampling and bioanalytical methods
Blood samples for the PK assessment were collected at prespecified intervals to obtain PK profiles for the determination of single-dose and steady-state PK at cycle 6. These PK samples were collected in all patients at the following time A validated quantitative immunoassay was used for the determination of either RTXM83 or rituximab reference product in the human serum from samples collected from patients in the RTXM83-AC-01-11 study. The assay comprised a first incubation of the diluted samples to allow rituximab (RTXM83 or reference product) to bind to biotinylated-anti-rituximab. After incubation overnight, samples were added to the streptavidin-coated plate. The anti-rituximab-biotin complex binds to the streptavidin-coated wells, allowing any unbound material to be washed away; Sulfo Tag (sTag)-anti-rituximab was added and binds to RTXM83 or the rituximab reference product. Read buffer containing tripolyamine was added and the sTag associated with antirituximab (RTXM83/ reference product) produced a chemiluminescent signal when an electrical voltage is applied. The luminescence signal was directly proportional to the concentration of drug present. The data were generated using Meso Scale Discovery (MSD; electrochemiluminescence [ECL]) platform and processed using Softmax Pro by Covance Laboratories Ltd., Harrogate, United Kingdom.
Ten standard calibrators from 20 to 4000 ng/mL and five quality controls, with concentrations of 40, 120, 700, 2200, and 3000 ng/L, were used in the validation process. The lower limit of quantification (LLOQ) for RTXM83 and rituximab was 40.0 ng/mL, and the mean overall coefficient of variation was less than 20% across the range of concentrations, which included up to 3000.00 ng/mL.
Blood samples for CD20+ and CD19+ B-cell counts (PD analysis) were collected at the following time points: cycle 1 at Day 1 (pre-dose and at the EOI), Day 8 (EOI) and Day 15 (EOI), cycles 2 and 4 at Day 1(pre-dose), cycle 6 at Day 1 (pre-dose) and Day 21 (EOI); and during the follow-up (FU) period (3 (FU1), 6 (FU2) and 9 (FU3) months after last dose of chemotherapy). Blood samples were analysed using a flow cytometry procedure. The median percent changes from baseline in blood of CD20+ and CD19+ B-cell following the administration of reference product antibodies and anti-RTXM83 co-administered with CHOP in cycles 1-6 (including last FU observation) were plotted by treatment and cycle/timepoint.
Blood samples for ADA analysis were collected at baseline (pre-dose), in cycle 5 Day 1, cycle 6 Day 21, and during the follow-up period if available (3 and 9 months after last dose of treatment). A single validated ECL method (using MSD platform) was used to test samples for both antirituximab reference product antibodies, and anti-RTXM83 antibodies.
The immune response after rituximab administration was evaluated by a multi-tiered approach which compromises an immunogenicity assay for the screening, confirmation, and titration. All samples were subjected to an initial screening assay, and those falling above a specific pre-determined screening cut-point were deemed to be positive, and tested in the confirmation assay. For the confirmatory assay, any screened positive samples will be splitted and preincubated with RTXM83 or the rituximab reference product (dependant on dosing) or buffer prior to analysis on the MSD. A reduction in signal upon addition of RTXM83 or the rituximab reference product greater than the validated inhibitory cut-point confirms the specificity of antibody response as anti-RTXM83 or anti-rituximab reference product, following the recommendations made by Shankar et al. [8] . Samples which are confirmed as being specific against rituximab reference product or RTXM83 will have their relative titre assessed.
Population pharmacokinetic analysis
The following strategy was used to develop the final model. First, the structural PK model was developed. Second, a heterogeneity model, including significant covariates, was then identified and incorporated in the model, and the final model was then evaluated by complementary methods for assess robustness.
Software
The analyses and simulations were performed using NON-MEM Version 7.3.0 software [9] , supplemented with the PsN toolkit version 4.4.8 [10] , and were further processed using R Version 3.2.0 [11] . NONMEM data sets were prepared using SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Analyses were performed on an Intel Xeon-based server running Linux (Centos release 5.5, 64 bit) and an Intel Core i7-4702HQ CPU-based personal computer, running under Windows 8.1 (64 bit). NONMEM runs were performed using the Intel Visual Fortran compiler, Version 11.1.056 (64 bit).
Structural PK model
Rituximab PK has been extensively described in the literature [12] [13] [14] . Based on the published data, an open two-compartment PK model with linear distribution and linear elimination from the central compartment was used to describe the time course of rituximab in DLBCL subjects. This model was fitted to the data available and the typical value of clearance (CL), central volume of distribution (V 1 ), intercompartmental flow between central and peripheral compartment (Q), and volume of distribution of the peripheral compartment (V 2 ) were obtained. The NON-MEM model fitting used the First Order Conditional Estimation method (FOCE) with the INTERACTION option.
Statistical model
Visual inspection of individual concentration-time profiles suggested that each PK parameter varied between patients. Patients received rituximab or RTXMB83 in more than one occasion, and PK data available evidenced random within-subject variability. Consequently, between-subject variability (interindividual, IIV) and within-subject (interoccasion, IOV) variability in a PK parameter were included in the model:
where P i,k is the individual PK parameter value for the ith individual and kth occasion, P TV is the typical population estimate of the PK parameter, and η pj and ζ pk are a normally distributed between-and within-subject random variable with zero-mean and variance ω p 2 and π p 2 , respectively. The magnitudes of IIV and interoccasion variability (IOV) were expressed as coefficients of variations (CVs). Two occasions were defined: one for the first cycle of treatment and two for the rest of cycles. Residual variability was modelled using a combined additive and proportional error model. The need for both residual error terms was evaluated during model development based on whether the parameter estimates supported that both terms meaningfully contributed to variability.
Model selection criteria
The improvement in the fit obtained for each model was assessed in several ways. First, the resulting NON-MEM generated minimum value of the objective function (MFOV) after fitting the models evaluated was used to perform the likelihood ratio test. This test is based on the change in the minimum value of the objective function (ΔMVOF), which is equal (up to a constant) to minus twice the log-likelihood of the data and is asymptotically distributed like Chi-square with the degrees of freedom equal to the number of parameters added to the model. For hierarchical models, a ΔMVOF of 7.88 was required to reach statistical significance (p = 0.005) for the addition of one fixed effect. In addition, the improvement in the model fit by including covariates into the population PK model was assessed by the reduction in the IIV, IOV, and residual variability, the precision and the correlation in parameter estimates; and finally, the examination of diagnostic plots and shrinkage.
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Covariate analysis
The covariates explored as possible sources of IIV in RTXM83 PK were age, weight, body surface area (BSA), sex, CD19+ cell count (surrogate marker), bone marrow involvement, performance status (PS), bulky disease, extranodal lesions, and IPI score. Once the structural model was identified, empirical Bayes estimates of the interindividual random effects were computed. The covariate screening was guided by graphical assessment between the Bayesian estimates of interindividual random effects and the covariates. Only covariates with statistically significant (p < 0.01) and potentially clinically relevant (r 2 > 0.2) effect on model parameters in the screening analysis were further tested in NONMEM. Those covariates identified by the screening analysis as having a potential influence on a particular parameter were statistically tested one by one for inclusion in the population PK model (forward inclusion, p < 0.05). Categorical covariates were incorporated into the model as index variable, whereas continuous covariates were evaluated using power equations after centering on the median. Covariates with statistically significant effects were incorporated into the population model simultaneously, and subsequently, the covariate screening process was repeated. A full model was identified when no further covariate additions were possible. Then, the relative contribution of each covariate to the model was evaluated using backward elimination, (p < 0.01) [15] . All non-significant effects on PK parameters were removed from the model and the covariate model was obtained.
Model qualification
Three complementary methods were employed to evaluate the model developed: a non-parametric bootstrap [16] , normalized prediction distribution errors (NPDEs) [17, 18] , and a visual predictive check (VPC) [19] . Non-parametric bootstrap was conducted to assess parameter precision and derive confidence intervals (CI). For this, 1000 data sets were generated by randomly sampling with replacement subjects from the original data set. Model parameters were reestimated on each bootstrap data sets and summary statistics were derived. The 5th and 95th percentiles of the bootstrap parameter distribution constitute the 90% CI. The distribution of the NPDE was explored by a frequency histogram. Finally, the VPC looks at the model's ability to simulate the same data that have been used for the model development. Serum concentrations of rituximab and RTXM83 were simulated 500 times using the dose and covariate data as well as the same sampling schedule from the subjects that were used in the model development data set. The 5th, 50 th , and 95th percentiles of the predictions and observations were derived and plotted against time.
Pharmacokinetic similarity assessment
The assessment of the PK similarity between RTXM83 and rituximab reference product was based on statistical evaluation, and the average equivalence statistical approach was used. Therefore, the 90% CI for the ratio between the geometric means of the C max and AUC 0-∞ (derived from the population PK parameters) of RTXM83 and the rituximab reference product were calculated at cycle 1 and at cycle 6 (steady state). To conclude PK similarity, the limits for the CI of the ratio should be within the 0.80-1.25 interval [20, 21] .
Results
Patients
A total of 251 DLBCL patients were included in the study (127 in RTXM83-CHOP arm and 124 in rituximab-CHOP arm). Patient characteristics at baseline, stratified by arm, are shown in Table 1 . All these covariates showed a similar distribution among the two arms, and only RTXM83 arm had a higher median count of CD19+ cells/μL (89.10 vs 63.35 cell/μL). A total of 2703 RTXM83 and 2638 rituximab serum concentrations were included in the analysis data set.
Population pharmacokinetic modelling
In our model, the time course of RXTM83 serum concentrations in DLBCL patients was described by an open two compartmental disposition model with linear distribution between central and peripheral compartments and linear elimination from the central compartment after i.v. administration as it occurs with the reference medicinal product. The typical volumes of the distribution for central and peripheral compartments were estimated at 3.19 and 4.15 L, respectively, with interindividual variability (IIV) of 14 and 27%, respectively. The apparent volume of distribution at steady state (sum of the volumes of the compartments) was estimated at 3.2 L. The typical rituximab serum clearance was 12.5 mL/h, with moderate IIV of 25%, whereas the intercompartmental clearance and its associated IIV were estimated at 18.6 mL/h and 28% respectively. The terminal half-life was estimated at 21.6 days. 
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The time course of RXTM83 and rituximab clearly displayed bi-exponential declining serum concentration-time profiles and the fit of the two-compartment model to the data was markedly better than the one compartment model drug disposition in terms of objective function and diagnostic plots. Incorporation of the interoccasion variability (cycle 1 vs further cycles) also improved the fit significantly (ΔFMO = − 488, p < 0.001). The results from the exploratory graphical and statistical analysis between the random effect of model parameters and the covariates evaluated revealed a significant trend of BSA with V 1 and in less extend with CL, and these covariates were formally tested in NONMEM to be incorporated into the model. However, the contribution of the effect of BSA on CL was not finally included as the contribution to the effect was limited with an exponent estimated to be 1. The inclusion of BSA effect on V 1 reduced the IIV from 39 to 14%.
The observed vs predicted plots stratified by arm show random normal scatter around the identity line indicating the absence of systematic bias and the adequacy of the model to describe the data. In addition, conditional weighted residuals also show random normal scatter around zero with no specific pattern suggesting model misspecification (Fig. 1) .
The estimates of the final model parameters together with the results of the non-parametric bootstrap are summarized in Table 2 . IIV was estimated for all the model parameters and IOV was estimated for CL and V 1 . Fixed parameters estimates were estimated with good precision, with all the relative standard error (RSE) less than 10%; therefore, estimated 90% CI were narrow for all parameters. Moreover, IIV were lower than 30% and in agreement with values previously reported for rituximab [10, 26, 27] . IOV was higher for CL than for V 1 and both were well estimated with RSE lower than 27%. In addition, the shrinkage was lower than 30% for all the parameters except for Q that was determined to be closed to 50%, indicating the absence of model misspecification.
Model qualification
Results of the model qualification demonstrated the suitability of the developed model in the analysis population. The bootstrap distribution was compared to the point estimates obtained from the original data set (Table 2) . Overall, the population estimates for the final model were very similar to the mean of the 1000 bootstrap replicates, and were contained within the 90% CIs obtained from the The results of the VPC evidence that the model developed is appropriate to describe the time course of RXTM83 and rituximab and their variability in DLBCL patients. The overall distribution of the NPDE is presented in Fig. 1d and approximately follows a normal distribution with a mean of 0 and a standard deviation (SD) of 1 (Fig. 1d) .
Pharmacokinetic assessment
Statistical analysis of primary PK endpoints by treatment cycle and arm was assessed for PK similarity ( Table 3 ). The ratios (90% CI) of geometric least-square means (RXTM83 to rituximab treatment group) were 0.992 (0.936-1.05) for AUC and 0.996 (0.939-1.05) for C max . Similar results of RXTM83 were obtained when the PK of rituximab at steady state (cycle 6) was evaluated. In this case, the corresponding values were 1.03 (0.985-1.07) for AUC and 1.04 (0.995-1.09) for C max . Furthermore, the comparison analysis of the individual PK parameters derived from the developed model showed that RTXM83 PK and its associated variability were similar to the reference product, with geometric mean (CV%) of CL and V 1 of 14.4 (42%) vs 14.3 (44%) mL/h and 3.18 (23%) vs 4.1 (20%) L for RXTM83 and rituximab reference product, respectively, after single infusion of rituximab. Results after repeated infusions also showed the PK similarity between RXTM83 and rituximab reference product with geometric mean (CV%) of CL and V 1 of 10.6 (33%) vs 11.1 (33%) mL/h and 3.13 (19%) vs 4.11 (21%) L, respectively (Table 4) .
Pharmacodynamics
Immediately after the first administration of RTXM83 or the reference product (co-administered with CHOP), the median percent changes from baseline of both CD20+ and CD19+ B-cell suffered a remarkable change. At the first EOI, CD20+ B-cells counts reached 100% depletion and in the same magnitude in both treatment arms (median change from baseline of 100%). In the same manner, CD19+ B-cells almost achieved complete depletion (> 99%) around day 7 (approximately 168 h hours) after the first treatment infusion of RTXM83 or the reference product (99.8 and 99.6%, respectively). A complete depletion of CD20+ and CD19+ B-cells was observed during the following treatment cycles. A modest recovery of B-cells started around 6th month after last rituximab treatment administration, with a 60% of patients having achieved a significant B-cell recovery by the 9th month after treatment. B-cell depletion, length of suppression, or time to recovery to normal B-cell showed to be similar between both treatment arms (Fig. 2) .
Immunogenicity
Overall ADA incidence in the studied population was low and similar between RTXM83 and the rituximab reference product. The proportion of patients who developed ADA de novo (seroconversion) following rituximab administration was ≤ 4% in both arms. Treatment-induced ADA-positive samples were detected mainly during the follow-up observation period.
Among the patients who developed ADA de novo, no impact on their PK/PD profile was detected. Clearance median value was similar between ADA-positive subject and ADA-negative subject in both RTXM83 (10.8 vs 11.3 mL/ min, respectively) and rituximab reference product (13.6 vs 11.3 mL/min, respectively). Regarding PD data, those ADApositive subjects with PD sample available did not show any significant difference in the depletion of CD20+ B-cells.
Discussion
To our knowledge, this is the first study to investigate the population PK of a rituximab biosimilar with a large sample size of patients, serum concentration, and cycles of treatment. A total of 251 DLBCL patients from 58 research sites in 12 countries participating in the study were included in the study and 5341 serum concentrations with 1512 cycles of treatment in total (776 and 736 for RXTM83-CHOP and R-CHOP, respectively) were included in the analysis data set.
The developed population PK model for rituximab allowed the use of the sparse sampling and the quantification of any potential differences in PK parameters between the treatments. Population PK approach has been used previously with rituximab in DLBCL patient, either as the reference product [12, 13, 22, 23] or with a rituximab biosimilar [23] , but these studies had a different study design, sample size, scheme of treatment, and patient characteristics [22] . For instance, the study done by Muller et al. included a smaller sample size (less than 20 patients) and the median age of patients analysed in that study was higher (69 years old) than in our study (51 years old) [13] . The larger PK population analysed in our study (251 patients) increased the power to detect potential differences between the biosimilar candidate and the originator.
The use of a model-based analysis with sparse data taken at fixed time intervals to investigate bioequivalence might be considered a major limitation of our study. However, non-compartmental approach requires a rich sampling profile to calculate AUC by a trapezoidal rule, and the choice of sampling times can strongly influence the assessment of C max . By comparison, a model-based analysis can require many fewer samples per subject with the expectation of similar sensitivity to differences in PK between originator and biosimilar allowing the PK comparison in the clinical setting. Actually, rationally informative samplings have been selected in our study based on a PK model for the originator, prior information on the PK properties of the originator, and the desired patient trial design, all of which counteracts the possible limitation of the sparse sampling.
Other rituximab biosimilars have demonstrated bioequivalence in population of patients with rheumatoid arthritis at week 24 after a single dose, or after two doses administrated on day 1 and day 15 [24, 25] . In contrast, in this study, rituximab PK was assessed in DLBCL population, not only after single dose but also after multiple doses to achieve steady-state concentrations following the recommendations of FDA guidelines on bioequivalence [20, 26] . This population has allowed us to have a full characterization of the PK profile and a complete comparison between the biosimilar and the reference medicinal product PK.
Covariates and potential factors that could alter the PK of rituximab were well balanced between the two treatment arms, indicating that the presence of bias in the analysed PK data set was unlikely. Noteworthy, potential known factors that could alter the PK of rituximab such as body weight (median values of 66 and 65.8 kg for RXTM83 and rituximab, respectively), BSA (1.73 vs 1.71 m 2 ), and tumour burden (89.1 vs 63.3 cells/µL) were balanced between treatment arms.
In addition, the assessment of other factors such as induced ADA response that could affect the PK profile, has shown in these results no impact in any of the study arms or any relationship with their PK/PD profile.
Population PK parameters estimated from RXTM83-AC-01-11 were in line with that reported for rituximab when used in different indications [13, 14, 27, 28] . The evaluated covariates, which included demographics and disease-related factors, had no significant effect on the PK of rituximab except for BSA that was included in the model and explained about 5% of the interindividual variance for V 1 . This effect has been previously described for rituximab [27] . No influence of tumour burden was observed in the study, though the influence of tumour burden is known to alter the PK of rituximab. The retention of rituximab by its tumour target antigen is associated with decreased serum concentrations and, consequently, with increased volumes of distribution and elimination half-live. This discrepancy regarding tumour burden has been noted in other studies [12, 29] who found the level of rituximab exposure to be similar after several infusions. If tumour burden is inversely correlated with rituximab, serum concentration is still a question of debate [30] . This phenomenon may also explain the differences observed for other studies [31] . In addition, reported values of rituximab PK in different diseases as follicular lymphoma and chronic lymphocytic leukemia showed similar results [14, 28] .
Because of the high degree of similarity between the PK parameters derived from the population model, the results of the analysis evidenced that RTXM83 was similar to the rituximab reference product with a proper analysis. The concentration vs time profiles and all PK parameters indicated close similarity of RTXM83 and the reference product across repeated cycles of treatment, and it can be concluded that bioequivalence was formally demonstrated.
The ratios (90% CI) of geometric least-square means (RXTM83 to rituximab treatment group) met the expectation for statistical equivalence for AUC and for C max at cycle 1 and at steady state. Therefore, the systemic exposure (AUC and C max ) and its associated variability derived from the developed PK model for rituximab demonstrated that the PK of RTXM83 and the reference product were similar.
B-cell counts is a useful parameter to assess rituximab activity and was assessed as a secondary endpoint in the study. Typically, B-cell count falls to barely detectable level after administration of rituximab and then gradually recovers to baseline after 6 months following the last dose [32] . The patients included in our study showed a pattern of CD20+ and CD20+ B-cell depletion and recovery comparable between RTXM83 and the rituximab reference product.
Conclusion
To our knowledge, this is the first study to provide a description of the PK of the rituximab biosimilar RTXM83 in a large population and to provide a well-characterized, robust PK method that measures the biosimilar and reference products with comparable precision and accuracy. The time course of RTXM83 was well characterized by the model developed. The use of a non-linear mixed effect modelling population approach when assessing clinical comparability exercise of RTXM83 to rituximab reference product facilitated the inclusion of sparse data improving the power to detect any potential differences between RTXM83 and rituximab reference product. This analysis demonstrated that the systemic exposure (AUC and C max ) of RTXM83 and its associated variability were similar to those for rituximab in DLBCL patients. Moreover, the profile in CD20+ and CD20+ B-cell depletion also was similar between RTXM83 and Mabthera ® and consistent with the Mabthera ® bibliography, supporting its claimed biosimilarity with the reference product.
